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ABSTRACT
Biomass and feed pellets can be handled and stored using similar equipment used for other
bulk materials; however, their unique physical characteristics can lead to handling
challenges. Understanding the flow characteristics of these materials is essential for
handling and storage system design, but these characteristics are not well defined in lessthan-ideal conditions. The overall objective of this study was to evaluate how moisture
content and level of fines influence the angle of repose (AoR) of hardwood, pine bedding,
and feed pellets along with determining the impacts of displacement on the shear stress of
fuel pellets utilizing a modified linear wall friction test. For the AoR experiments, three
moisture contents (equilibrium, two and four percentage points above equilibrium) and
four-particle fine levels (0%, 5%, 10%, and 15% fines) were evaluated. Multiple methods
for measuring AoR were assessed, and an image analysis tool using a polyline fit to the
pellet boundary was developed and used to measure the respective angles. The stacking
(dynamic) AoR was least impacted by moisture and fine levels, showing no differences
among fine levels, and only the low moisture content differed. Draining (static) AoR was
linearly correlated with the tilting table method, but the tilting table AoR was on average
15.5º higher. Utilizing the combined test fixture, the overall stacking (dynamic) AoR for
hardwood, pine bedding, and feed pellets across all moisture contents and percent fine
levels were 33.8º, 35.0º, and 35.4º, respectively, while draining (static) AoR was 39.9º,
44.2º, and 42.7º. A modified linear wall friction test was developed and conducted on corn
and fuel pellets across ultra-high molecular weight polyethylene (UHMW-PE) and
galvanized steel surfaces over a 20 cm displacement. Two loading methods (standard and
ii

sequential) were used under three normal stresses (5 kPa, 10 kPa, and 15 kPa). The
coefficient of friction of fuel pellets was impacted by the wall surface, normal force, and
displacement. Overall, across all three normal loads and both loading methods, the
coefficient of friction (COF) of fuel pellets using the standard loading method on UHMW
and steel were 0.25 and 0.21, while corn was 0.20 and 0.16.
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CHAPTER 1. INTRODUCTION
Densified biomass products are commonly used across many applications, from feed
to fuel. These products are made from agricultural and forestry products out of various
raw materials and typically take the form of pellets that can be handled and stored using
similar equipment to other free-flowing bulk products (Jackson et al., 2016; Mani et al.,
2006). Because of the wide range of pelletized products, this study focused on four types
of pellets (hardwood, pine bedding, and feed pellets) used across three industries. Wood
pellets are especially useful in commercial power generation and domestic heating to
replace nonrenewable resources (Deng et al., 2019). In the United States, 141 million
tonnes of wood fuel pellets were produced in 2021 (US-EIA, 2022). Wood residues also
have other applications, such as animal bedding, estimated at 3.4% of mill residue enduses in Southern mills (Brandeis and Abt, 2019). Before the widespread market growth
for utility pellets, pellet mills almost exclusively produced feed pellets (Brandeis and Abt,
2019). Additionally, pellet production at feed mills has been estimated at 14% of overall
output nationally and was estimated at 92% in the Southeast (Eversull, 2005).
For handling and storage systems to operate efficiently, material properties and
flow characteristics must be fully understood (Wu et al., 2011). Facilities need to be
specifically designed for the materials they intend to handle, or they can experience
reduced capacity due to the differences in handling characteristics. Pelletized biomass
and feed products share many properties and handling characteristics with other
biological materials. Like these different materials, biomass and feed pellets can form
piles, be influenced by internal friction and pressure, and present many problems (e.g.,
1

bridging, particle breakage, and segregation) that typically affect storage and handling
facility design (Wu et al., 2011).
Moisture content and particle breakdown have been shown to influence biological
materials' physical properties and flowability, but these effects have not been fully
quantified in pelletized materials (Bhadra et al., 2016; Colley et al., 2006; Henderson et
al., 1997; Ileleji and Zhou, 2008; McNeill et al., 2004). Due to the large particle sizes and
unique aspect ratios of many bulk materials, many methods to evaluate their physical
properties and handling characteristics are still in development (Stasiak et al., 2020). One
of the easiest parameters to measure for bulk materials is the Angle of Repose (AoR),
which is commonly used to understand and generalize materials' handling characteristics,
which is why it is very widely measured (Ileleji and Zhou, 2008). While the AoR is not
directly used in the design, it generalizes handling characteristics of materials where
increase in AoR typically relates to the difficulty in handling (Ileleji and Zhou, 2008).
The frictional properties of bulk materials are another commonly measured
property, often shown as the coefficient of friction or friction wall angle. Shear testing
bulk materials with relatively small particle sizes and uniform distributions is commonly
conducted using an annular shear box (i.e. Jenike shear tester). However, like other test
procedures to determine biomass products physical properties and handling
characteristics, test procedures need to be adapted and modified because of materials
large particle sizes and varying aspect ratios (ASTM, 2016; Stasiak et al., 2018).
Literature conducting tests on biomass products often build and utilize a modified Jeniketype shear tester with increased displacement and/or surface contact area, or they utilize a
2

direct shear tester (Stasiak, Mateusz et al. 2020; Stasiak, Mateusz et al. 2015; Craven et
al. 2015; Molenda, Marek et al. 2002; Stasiak, M. et al. 2018; Wu et al. 2011). The
results can be influenced by several factors such as displacement, wall surface, normal
force, wear-in period, and the velocity the material is sheared. Few works have looked at
the frictional forces of pelletized biomass materials (Stasiak et al. 2020; Craven et al.
2015; Wu et al. 2011).
1.1

Objectives

A better understanding of bulk materials in less-than-ideal conditions allows for
improved handling and operational facilities design, resulting in higher operational
efficiency. Therefore, the overall goal of this research was to evaluate the physical
properties and handling characteristics of pelletized biomass materials. Specific
objectives were to:
1. Compare the angle of repose as determined using multiple methods, including the
tilting table, fixed-base stacking, loose-base stacking, and the stacking and draining
angle as determined using the new fixture.
2. Evaluate the influence of increased moisture content and pellet type on the angle of
repose (AoR) of pelletized biomass materials using three pellet types and three
moisture levels.
3. Quantify the relationship between percent fine levels and AoR using three pellet
types and four fine levels (0%, 5%, 10%, and 15%).
4. Determine the shear stress and coefficient of friction for fuel pellets using three
low confining pressures (5 kPa, 10 kPa, and 15 kPa) across two surfaces.
a. Validate the fixture by referencing the results of corn against published
literature.
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b. Evaluate the stability of shear stress and the COF over a range of shear
displacements.

The first three objectives focused on the impact of moisture content and level of fines on
physical properties and AoR. The AoR was evaluated across multiple AoR measurement
methods, and image analysis was conducted for all but one method. For the final
objective, a direct shear wall friction tester was developed to evaluate the coefficient of
friction and evaluate the impact of shear displacement on fuel pellets under low confining
pressures.
1.2

Organization of thesis

Chapter 1 introduces the thesis, including justification and background
information about the need for this research. This chapter also specifies the objectives for
this thesis and the organization of the thesis. Chapter 2 reviews literature that pertains to
the angle of repose, other pellet properties, the influence of moisture content, the
influence of percent fines, and linear wall friction. Chapter 3 details the methodology
utilized for this work, including the data collection and analysis procedures for both angle
of repose and linear wall friction experiments. Chapter 4 presents the results of this work.
Chapter 5 provides the conclusions and illustrates the future work needed for this
research topic. The appendices contain tables, graphs, and pictures not included in the
body of the thesis.
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CHAPTER 2. LITERATURE REVIEW
This literature review addresses four topics. First, the importance of
understanding the physical properties and handling characteristics of pelletized materials.
Next, the assumptions and similarities with other bulk materials and lack of standards.
Then, the potential influences of environmental factors and, finally, the angle of repose
(AoR) measurement. Lastly, issues related to wall friction and the coefficient of friction
of fuel pellets are discussed.

2.1

Angle of Repose

One of the most measured bulk material properties is the Angle of Repose (AoR).
It provides an indication of the flowability of a material and can help determine the
capacity of belt conveyors and storage structures (Henderson et al., 1997; Teferra, 2019).
The angle of repose is critical to understanding avalanching, stratification, and
interparticle friction (Ileleji and Zhou, 2008). The angle of repose is influenced by many
factors, including the angle of internal friction, particle size, particle aspect ratio, particle
arrangement, density, moisture content, interface friction angle, stratification,
segregation, and material, making AoR a key parameter in evaluating how changes in
these factors influence handling behavior (Al-Hashemi and Al-Amoudi, 2018). The angle
of repose is not directly used in design but is one of the easiest measurements to
understand and generalize handling characteristics of materials which is why it is very
commonly measured (Ileleji and Zhou, 2008). An increase in AoR generally indicates
5

increased difficulty in handling. Materials with an AoR of less than 30° are typically
classified as free-flowing materials, while AoR values higher than 55° are highly
cohesive and non-flowing (Al-Hashemi and Al-Amoudi, 2018; Teferra, 2019). These
guidelines are based on Carr indices for smaller particle sizes but have been proposed for
other bulk materials (Al-Hashemi and Al-Amoudi, 2018; ASTM, 2016; Teferra, 2019).
Several definitions for AoR have been proposed depending on the context and
material type. Ileleji and Zhou (2008) describe it as "the measure of the angle of
inclination of a free surface to the horizontal of a bulk stockpile." Bhadra et al. (2017)
describe it as the angle formed between the slope of a pile and a horizontal surface.
Several methods for estimating AoR are commonly used, including the tilting table, fixed
funnel, revolving cylinder, or hollow cylinder method (Al-Hashemi and Al-Amoudi,
2018). Additionally, the fixed funnel methods can be used to evaluate the angle formed
either while filling or emptying material. Most of these methods are adopted from other
industries or standards and modified for biomass materials.
The different AoR measurement methods represent other physical properties and
handling characteristics. There is some variation across sources, but they are generally
referred to as static and dynamic. Bhadra et al. (2017) described the dynamic AoR as the
stacking or piling angle and represented the horizontal angle materials form after coming
to rest from sliding or rolling upon itself in loose form. In comparison, the static AoR was
at the same measured angle from a horizontal surface; however, it is the point where the
material will begin to slide or roll after remaining in a static state (Bhadra et al., 2017).
Both are essential measurements to understand handling characteristics. Typically, the
6

dynamic AoR is 3 to 10º less than the static AoR (Al-Hashemi and Al-Amoudi, 2018;
Fowler and Wyatt, 1960). The fixed funnel method and stacking measurement result in
dynamic AoR, while the tilting table and draining result in static AoR. While both
methods provide different results, the dynamic angle is reported more commonly, and
Chukwu and Akande (2007) stressed the importance of both static and dynamic AoR in
agriculture.
With various methods to measure dynamic and static AoR and no standards to
measure biomass products, inconsistencies can be expected throughout literature (Ileleji
and Zhou, 2008). Differences among various methods, even variations within the same
method, are possible due to specific test procedures, particle interaction with surfaces,
drop height, orifice diameter, pile-base confinement, or wall interactions. Published data
often does not refer to the specific method used, leading many to default to the fixed
funnel method. In this study, the draining and stacking methods are values determined
using the combined test fixture, and the fixed funnel results are either loose or fixed base,
depending on if the base was constrained.
In traditional methods for measuring AoR, physical measurements of some
combination of the pile diameter and heights are needed; however, the pile formed often
has a truncated cone that can lead to errors. Several methods to improve the physical pile
measurements have been proposed. Klanfar et al. (2021) evaluated several methods and
presented an image analysis for measuring the AoR of granular minerals. This study
found that the operator influenced traditional methods and had the lowest repeatability.
Kurkuri et al. (2012) found that AoR measured using an optical method was 10%-15%
7

higher for wheat samples. However, Bhadra et al. (2009) explored using a laser scanning
method to measure AoR for distillers dried grains and found no difference compared to
traditional methods.
2.2

Other Pellet Properties

Different pellet materials and production processes impact many pellet properties
such as dimensions, mass, bulk density, static friction coefficient, and crushing load
(Bahnasawy and Mostafa, 2011). In conjunction with the potential influence of moisture
content or particle breakdown, properties will impact physical handling characteristics.
Several studies have reviewed the basic physical properties of pellets and generally
include some combination of pellet durability, hardiness, pellet durability index (PDI),
and shear and friction properties (Bahnasawy and Mostafa, 2011; Craven et al., 2015;
Deng et al., 2019; Mattsson, 1990; Stasiak et al., 2020; Stasiak et al., 2018; Wu et al.,
2011). However, only a few studies have investigated the AoR of pelletized materials
(Bahnasawy and Mostafa, 2011; Mattsson, 1990; Wu et al., 2011). Bahnasawy and
Mostafa (2011) studied feed pellets and reported dimensions, surface area, moisture
content, and density and tested the AoR, coefficient of friction, and crushing load. The
dynamic AoR was tested across the four pellet types, and values ranged from 25.7º to 35º.
Mattsson (1990) evaluated the tendency to bridge, AoR, and friction angle for fuel pellets
and found an average AoR of 35.2º. In comparison, Wu et al. (2011) evaluated wood
pellets with diameters ranging from 6 mm to 12 mm and torrefied pellets and found
average AoR values to be 38º- 43º.
8

2.3

Influence of Moisture Content and Particle Breakdown

As with other biological materials, pellets' physical properties and handling
characteristics are influenced by moisture content. Colley et al. (2006) reported that
increased moisture content significantly affects switchgrass pellet physical properties. As
moisture content increased, bulk density increased, but durability and hardiness increased
initially but quickly decreased with moisture content. Lee et al. (2020) documented
similar trends in bulk density and durability with three wood pellets but noted increased
fine contents and degraded surface structure after exposure to liquid water. Increased
environmental humidity has been shown to impact pellet properties such as moisture
contents, durability, bulk density, dust, and percent fines which could also cause pellet
swelling and influence overall pellet length (Deng et al., 2019).
2.4

Linear Wall Friction

The frictional properties of materials are important physical handling
characteristics to properly design and operate handling and storage facilities (Stasiak et
al. 2015). The frictional properties of materials are measured and quantified in various
terms but most commonly are discussed as the coefficient of friction (COF) or shear
stress, which when combined with various normal loads, can indicate either static or
kinetic friction (Chen et al. 2020). The shear stress of materials is a function of shear
force and contact surface area, where the COF is a unitless relationship between the shear
force and normal force applied (Stasiak et al. 2015). The static friction of materials is
determined before materials begin moving relative to one another, while the dynamic is
9

the friction between two objects moving against one another, which is less than or equal
to the static results (Chen et al. 2020). Higher shear stresses and COF values show the
effects of different materials and surfaces, where higher values of friction result in greater
forces required to move the material (Stasiak et al. 2015; Chen et al. 2020). Additionally,
a consistent velocity must be maintained to have repeatable and comparable results when
measuring dynamic friction. Higher velocities can impact results, but tests must be
conducted at a velocity fast enough to overcome stick-slip (Molenda, M. et al. 2000).
The frictional properties of materials can be impacted by several factors such as
material type, density, the interaction between wall surfaces, moisture content, normal
force, and even the material wear in period (Rusinek and Molenda 2007; Mohsenin
1978). Additionally, the results of many studies are not conclusive about the overall
impacts across changes in normal force. Molenda et al. (2000) stated that several studies
showed the COF of grain was dependent on the normal force applied. Although, several
authors for a variety of materials reported a decrease in COF with increasing normal
pressure (Thompson and Ross 1983; Thompson et al. 1988; Zhang et al. 1994). In
contrast, some others observed the COF increasing with normal pressure (Zhang et al.
1994; Irvine et al. 1992; Platonov and Poltorak 1969). Additionally, only a small amount
of literature looks at the frictional forces of pelletized biomass materials (Stasiak et al.
2020; Craven et al. 2015; Wu et al. 2011). Although, due to large particle sizes and
nontypical aspect ratios with many biological materials, many commonly used methods
must be modified or adapted from other disciplines or standards (Stasiak et al. 2018;
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Stasiak et al. 2020). Many of these standards and test procedures have been adopted and
modified from the geotechnics and soil mechanics field (Stasiak et al. 2020).
Shear testing on fine and milled materials is well documented and understood,
whereas the Jenike shear test has remained a commonly used standard test method
(Jenike, Andrew W. 1964; Jenike, A. W. 1961; Sperl 2006). However, similar studies on
coarse materials are limited, and no well-defined and widely adapted method for coarse
materials currently exists (Craven et al. 2015). Studies looking to determine the friction
coefficients for larger biomass products often utilize modified shear testing methods
where the shear cell is larger to deal with larger particle sizes and the greater
displacement areas needed (Molenda et al. 2000; Molenda et al. 2002). Many standards
and commonly used methods also test materials at higher confining pressures, but the
many bulk biomass material operations operate under lower confining pressure (under 21
kPa) (Molenda et al. 2002). Although, determining material characteristics under low
confining pressures is much more difficult due to factors such as non-uniform packing
and non-homogenous shear deformations (Molenda et al. 2002). Using a modified shear
test, testing bulk materials produced more accurate results for highly deformable biomass
materials (Molenda et al. 2002). The longer shear paths of modified shear tests allow for
the critical state of bulk materials to be obtained, while the larger diameter contact area
helps reduce boundary influences (Molenda et al. 2000). The results of shear testing are
often presented as the shear force, coefficient of friction, or shear stress. Additionally, a
wall yield locus can be produced by plotting an average COF for each normal force and
fitting a trendline to the points. Many studies utilize this wall yield locus to determine the
11

friction angle of materials by determining the angle between the trendline and the
horizontal axis.
Studies of the COF on wheat, corn, unbound biomass products, and pelletized
biomass materials were reviewed, but few studies determined pelletized materials'
physical properties and frictional characteristics (Molenda et al. 2000; Craven et al. 2015;
Wu et al. 2011). Molenda et al. (2000) determined the frictional properties of wheat on
corrugated and smooth galvanized steel surfaces where smooth surfaces were tested at
both 0.5 and 5 mm/s and three normal forces (6.9, 27.6, and 48 kPa) where COF was
found to decrease with increasing normal force, and slip-stick occurred below 0.2 mm/s.
While Chen et al. (2020) found that on steel surfaces, the COF for corn was 0.24±0.05.
For pellets, Craven et al. (2015) assessed the friction and flow properties of a variety of
including wood, torrefied wood, and milled wood pellets using modified shear tests with
larger sizes and displacement areas and found that when normal stresses are greater than
2 kPa the kinematic angle of wall friction was consistent overall but showed a trend of
decreasing friction angle with increasing normal stress for normal stresses less than 2
kPa. Additionally, Craven et al. (2015) found that TIVAR 88 or mild steel required the
lowest amount of shear force in most cases. Stasiak et al. (2020) studied the friction
values of pine biomass and pellets using a direct shear test at 15 and 30 kPa confining
pressures and represented their findings as COF, where they determined pellets had an
average value of 0.45. Additionally, based on their experiments, the sliding COF was
influenced by material, moisture content, and normal force (Stasiak et al. 2020). Wu et al.
(2011) studied the frictional properties of wood pellets and torrefied pellets using an
12

annular shear test and a modified direct shear linear wall friction test. The modified linear
wall friction test utilized four wall surfaces (concrete, mild steel, stainless steel, and
UHMW-PE) and sheared using a minimum of five repetitions per normal stress, where
normal stress values ranged from 0.1 kPa to 4.2 kPa (Wu et al. 2011). Additionally, Wu
et al. (2011) reported results in terms of a friction angle and found that sliding friction
was actually a function of both materials being sheared and pellets rolling across the
surfaces.
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CHAPTER 3. MATERIALS AND METHODS
3.1

Angle of Repose Experiments

3.1.1 Experimental Design and Data Analysis

Two sets of experiments were used in this study: (1) effects of moisture
conditioning and (2) effects of fine levels studied the AoR and physical characteristics of
three pellet types. In each set of experiments, multiple methods were used to measure
AoR (described below), and five replications of each pellet type/moisture and pellet
type/percent fines combination were evaluated. The moisture content experiments were
conducted as a 3 × 3 × 5 factorial (pellet type, moisture level, and AoR measurement
method), and particle size experiments were performed as a 3 × 4 × 4 (pellet type, fines
level, and AoR measurement method) factorial. The testing order in each set of
experiments was randomized by pellet type and treatment but not by the AoR
measurement method. Moisture level and percent fines were treated as categorical
variables, and statistical evaluation was performed using the Fit Model tool and standard
least-squares in JMP (JMP V 16.0.0, JMP Statistical Discovery, Cary, NC). The data
were analyzed as a full factorial, including all two-way and three-way interaction terms.
Differences in AoR and other descriptive pellet characteristics were evaluated separately
between the two experiments. All significant differences reported were based on α =
0.05. In cases where the main effects were significant, pairwise comparisons were
evaluated using Tukey's honest significant difference (HSD) test.
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3.1.2 Materials Properties and Conditioning

3.1.2.1 Sample Materials
Three types of commercially available pelletized materials were used in this study
(Figure 1). From left to right: hardwood pellets (Pitboss Hardwood Pellets, Dansons Inc.,
Cincinnati, OH), pine bedding pellets (Pine Pelletized Bedding Pellets, Tractor Supply
Co., Brentwood, TN), and feed pellets (Nutrena Safe Choice Original, Cargill Inc.,
Minneapolis, MN). Approximately 90 kg of each pellet type were stored in sealed
containers at ambient lab conditions and utilized during the experiments (approximately
21°C and 65% relative humidity).

Figure 1. Example pelletized material A: Hardwood pellets B: Pine bedding pellets C: Feed pellets.

Bedding pellets had an initial diameter of 6.5±0.1 mm (n=60) and initial lengths
of 13.5±3.3 mm (n=60). They were pelletized using all pine material with no glues or
binders and had a nominal moisture content of 8% w.b. (all moisture contents are
expressed in wet basis) under lab conditions. Hardwood pellets had an initial diameter of
6.7±0.1mm (n=60) and initial lengths of 19.5±6.5mm (n=60). Hardwood pellets also
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contained no glues or chemicals and had a nominal moisture content of 8% w.b. Feed
pellets had an initial diameter of 4.6±0.1 mm (n=60) and initial lengths of 10.8±2.9 mm
(n=60). The pellets were primarily made with wheat middling's, rice bran, soybean hulls,
and dehydrated alfalfa meal but contained various other additives. Moisture content in the
lab was nominally 12% w.b.
3.1.2.2 Experiment 1: Effects of Moisture Conditioning
In the first set of experiments, to test moisture contents' influence on AoR, three
moisture levels were evaluated for each pellet type. Under lab conditions, the lowest
moisture level was the equilibrium moisture content (approximately 21°C and 65%
relative humidity). The two higher moisture levels were nominally two and four
percentage points above this level. Higher moisture levels were achieved by wetting
equilibrium moisture material. To accurately manipulate moisture contents, the weight
and moisture content of low moisture samples were determined, and the required mass of
water was added to achieve higher moisture levels. Water was applied using a hand
sprayer while the material was mixed by hand. After manipulating the moisture content
of each material, the moisture contents were checked after allowing 72 hours to
acclimate. Moisture contents were reevaluated after each daily use to ensure no
significant changes. All moisture contents were determined using an oven drying method
with 300-500 gram samples dried for 24 hours in laboratory ovens at 103ºC (ASABE
Standards, 2017). Particle breakdown was observed in higher moisture content pellets
and measured as discussed in the particle breakdown section. All AoR tests were
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conducted for pellet/moisture content combinations described in their respective sections
and compared results.
3.1.2.3 Experiment 2: Effects of Fine Levels
The particle breakdown observed while testing the influences of moisture content
on AoR was measured and used to determine representative levels to test particle
breakdowns' impact on AoR. Particle breakdown was calculated while testing the
influence of moisture content in terms of percent fines. Five randomly chosen samples of
500-600 grams of material were used without replacement in sieves selected based on
particle size according to ASAE 269.5 (ASABE Standards, 2016). These were then
screened in a rot-tap (Humboldt Mft. Co. H-4330) for five minutes, fines were weighed,
and percent fines were calculated. Percent fines were calculated for all pellet moisture
combinations. Upon analyzing these results, representative values were chosen to test
particle breakdowns' influence on AoR.
Experiment 2 determined the effects of fine levels studied four fine levels
(nominally 0%, 5%, 10%, and 15%) with each pellet type to determine how particle
breakdown influences AoR. These levels were based on the previously observed particle
breakdown values. To determine if particle breakdown alone affects AoR, all materials
remained at equilibrium moisture content in lab conditions (approximately 21 °C and
65% relative humidity). New pellets were used to conduct these tests and were initially
screened to determine particle breakdown seen in new conditions. The 0% fine level
represents screened pellets with all fines removed. The other three fine levels were
chosen to represent a range of values observed while testing the influences of increased
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moisture content. The same lot of material for each pellet type was used for all levels of
fines. The entire sample was hand-screened before and after each set of AoR tests to
account for potential breakdown during testing, and the initial value of fines added, and
post-test value was added and averaged. Fine levels were adjusted by adding the required
mass of fines (from pellets of the same type) to screened pellets. Only the modified
flipping draining and stacking AoR method was used for this set of experiments.
3.1.2.4 Bulk Density Estimation
To determine bulk density, weight, and volume of samples were required. The
bulk density of each pellet/moisture content and pellet/percent fine combination was
measured in triplicate using the Winchester test cup method (USDA-FGIS, 2020). A
1.102-liter (1 U.S. dry quart) test cup was filled using a funnel with a 31.8 mm diameter
opening from a height of 50.8 mm above the top of the cup. The funnel was filled, and
the gate was opened, allowing for it to fill the cup, and excess pellets above the rim of the
cup were struck off using strokes of a USDA-AMS/FGIS approved strike-off stick. The
mass of pellets per volume was determined using a scale with a resolution of 0.01 g
(Model AX2202, OHAUS Corp., Parsippany, NJ), and the bulk density was calculated.
3.1.2.5 Pellet Size Measurement
A random selection of 20 pellets was made for each material/moisture and
material/percent fine combination (i.e., hardwood, feed, and bedding pellets). The length
and diameter of each pellet were measured using calipers with a resolution of 0.001 mm
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(Mitutoyo CD-6" CSX, Mitutoyo America Corp. Aurora, IL). These values were
averaged and reported as diameter and length with standard deviations.
3.1.3 Angle of Repose Measurement

3.1.3.1 Combined Draining and Stacking Angle of Repose (AoR) Method
A fixture was designed and built to evaluate the draining and stacking AoR in a
combined test. The fixture, shown in Figure 2, had inside dimensions of 175 × 84 × 9 cm
and was divided into two equal compartments with a divider and a 6 × 9 cm gated
opening. The fixture had clear sides, allowing for an image of the material to be captured
once it was stable and no longer flowing. Allowing for the AoR to be later estimated
using image analysis.
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Figure 2. Combined test fixture showing the draining (static) and stacking (dynamic) angle of repose
(AoR) on feed pellets.

Before tests were conducted, the fixture base was leveled by using screws on each corner
of the fixture base, and a camera and tripod were set up perpendicular to the fixture 152
cm away at a height of 104 cm. Approximately 18 kg of material was loaded for each set
of tests, and the top fixture was closed. The gate was then briefly opened, allowing for a
thin layer (approximately 5 cm) of material to cover the bottom compartment. Which
helps mitigate the bouncing effect seen when materials were dropped directly onto hard
surfaces. The box was then held level, and the dividing gate was opened. The material
was then able to flow through the opening, forming a draining and fixed base stacking
AoR. An image was then captured to be later analyzed. At this point, the fixture needed
to be reset for the subsequent replication. The material in the top compartment was
20

scraped through the caped opening, except for a thin layer, the gate was then closed, and
the fixture flipped where the process could be repeated.
3.1.3.2 Piling and Draining AoR Image Analysis
The AoR was determined from the captured images interactively using the impoly
function from the region of interest toolset in MATLAB (MATLAB 2019b, The
MathWorks Inc. Natick, M.A., USA). Images of the box fixture and both fixed and loose
base fixed funnel methods were captured. For each repetition, the modified flipping box
fixture produces two draining and stacking AoR values. The MATLAB script allowed the
user to best fit a two-segment polyline to the pellet boundary shown in Figure 3. The
angle between these line segments was utilized to determine an averaged AoR using
equation (1). This approach assumed the fixture was level and the piles were
symmetrical, resulting in an averaged overall AoR. For the fixed funnel method, the same
principle was applied, but two images were recorded of each replication so that all four
sides of the pile could be used to measure the AoR more accurately. An example of
measured draining and stacking angles and resulting AoR is shown in Figure 3. The
boundary line was fit three times for each image to reduce bias in the estimate.
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Figure 3. Example AoR determination using line segments fit to the pile boundary.

𝛩 =

180 − 𝛼
2

Where:
𝛩 = Average Angle of Repose (Degrees)
𝛼 = Measured angle between line segments (Degrees)
3.1.3.3 Fixed Funnel Method
Stacking AoR was also estimated using two variations (fixed and loose base) of the
commonly used fixed funnel method for the moisture content experiments. A funnel with
a 5.7 cm diameter opening at a fixed height of 23 cm was used to conduct the test. For
both methods, 20 L of material was poured through the funnel. For the loose-base tests,
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(1)

the material was allowed to flow directly onto a flat surface, and the angle of the resulting
pile was measured. For fixed-base tests, the base of the pile was constrained using a 50.8
cm diameter pan with 6.4 cm tall sides. Like the other methods, a thin layer of material
was placed below the cone to reduce bouncing effects. Two photos of the pile were taken
for each replication, and AoR was determined using the same image analysis method
previously discussed. Each repetition resulted in two images, where each image was
measured three times. These two images allowed all four sides of the pile to be accurately
measured. Figure 4 (a) shows the equipment and setup, and Figure 4 (b) shows an
example pile from a loose-based AoR test.

(a)

(b)

Figure 4. Fixed funnel method AoR experimental setup (a) and resulting loose-base pile (b).

3.1.3.4 Tilting Table Method
The tilting table AoR was measured using the test fixture shown in Figure 5. The fixture
utilized a motorized arm that raised a removable sample container at a rate of 0.38 rad
min-1. Samples were contained in a 3-D printed removable square container (179 × 184 ×
19 mm). The container was loaded by following the same loading procedures used for the
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Winchester cup method (USDA-FGIS, 2020). The container was placed on a level
surface and filled using a funnel with a 31.8 mm diameter from 50.8 mm above the
container. Excess material was struck off using three strokes of a USDA-AMS/FGIS
approved strike-off stick. The mass of pellets per volume was determined using a scale
(Model AX2202, OHAUS Corp., Parsippany, NJ), and the bulk density was calculated to
ensure consistent loading. The filled sample container was placed on the fixture with the
arm lowered, and it was raised upward gradually until the material began to flow in bulk.
This angle was then measured using a digital angle finder with a resolution of 0.1°
(Model 1886-0100, Johnson Level & Tool Mfg. Co. Inc, Mequon, WI).

Figure 5. Tilting table angle of repose (AoR) test conducted on feed pellets showing the digital angle
finder, 3-D printed container, and motorized arm.
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3.2

Linear Wall Friction Experiments

3.2.1 Experimental Design and Data Analysis

The coefficient of dynamic wall friction was evaluated using a direct shear wall
friction tester using two loading methods described in the measurement section. Two
materials were used in these experiments. Fuel pellets were the primary material of
interest, but U.S. No. 2 corn was also included to compare the values obtained using the
proposed direct shear tester to published values because pellets are known to provide
varying and inconsistent results, especially at lower confining pressures. Both materials
were tested against two of the most used industry surfaces, ultra-high molecular weight
polyethylene (UHMW) and a galvanized steel surface under three normal loads (5 kPa,
10 kPa, and 15 kPa). Treatments were set up to determine the impact of the loading
method, wall surface, and normal force on both materials. A minimum of three
replications were performed for each treatment. The experimental procedure and analysis
details are shown in their respective section below.
3.2.2 Material Properties

3.2.2.1 Sample Materials
Wood fuel pellets and U.S. No. 2 corn were used in this study, shown in Figure 6.
On the left, premium fuel pellets (American Wood Fibers, Columbia, MD) and U.S. No.
2 corn is shown on the right. The fuel pellets are made from hardwood and were designed
for heating applications. Approximately 36kg of fuel pellets and 23kg of corn were used
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and maintained in lab conditions (approximately 21°C and 65% relative humidity) and
the materials were stored in their original packaging.

Figure 6. Example corn and wood fuel pellets Left: Premium hardwood fuel pellets Right: Feed corn.

3.2.2.2 Bulk Density Estimation
To determine bulk density, weight, and volume of samples were required. The
bulk density of each material was measured in triplicate using the Winchester test cup
method (USDA-FGIS, 2020). A 1.102-liter (1 U.S. dry quart) test cup was filled using a
funnel with a 31.8 mm diameter opening from a height of 50.8 mm above the top of the
cup. The funnel was filled, and the gate was opened, allowing for it to fill the cup, and
excess pellets above the rim of the cup were struck off using strokes of a USDAAMS/FGIS approved strike-off stick. The mass of pellets per volume was determined
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using a scale with a resolution of 0.01 g (Model AX2202, OHAUS Corp., Parsippany,
NJ), and the bulk density was calculated.
3.2.2.3 Pellet Size Measurement
Similar to the AoR experiments, a random selection of 22 pellets was made for
the premium hardwood fuel pellets (American Wood Fibers, Columbia, MD). The length
and diameter of each pellet were measured using calipers with a resolution of 0.001 mm
(Mitutoyo CD-6" CSX, Mitutoyo America Corp. Aurora, IL). These values were
averaged and reported as diameter and length with standard deviations. This was not
conducted for corn.
3.2.3 Linear Wall Friction Measurement

3.2.3.1 Direct Shear Tester
A direct-shear test fixture was designed and built to determine the coefficient of
friction of materials with large particle sizes and nontypical aspect ratios across different
surfaces. The fixture, shown in Figure 7, had overall frame dimensions of 127 cm x 30.5
cm and a maximum wall surface area of 50.8 cm x 30.5 cm. Sample materials were
placed in an HDPE container with a 25.4 cm diameter and depth of 10.2 cm. Shearing
action is provided by a linear actuator (Firgelli Automation 107kg capacity, 30.5cm
stroke length linear actuator). The force was recorded using an inline 226.8 kg load cell
(Omega high accuracy S-beam load cell) connected to SparkFun load cell amplifier. An
Arduino Mega (Arduino Mega 2560 Rev3) was used to control the actuator and record
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force and position feedback. Data was recorded at a nominal 10 hertz rate using
Microsoft Excel and the Data Streamer Add-In.

Figure 7. Linear wall friction test being conducted using corn on a steel surface at 5 kPa.

Before any tests were conducted, the fixture was leveled, and the wall surface and
linear actuator were confirmed to be within one degree of zero utilizing a digital angle
finder with a resolution of 0.1° (Model 1886-0100, Johnson Level & Tool Mfg. Co. Inc,
Mequon, WI). Tests were conducted at a nominal velocity of 0.152 cm/s, which is a
sufficient speed to overcome stick-slip, similar to Wu et al (2011). Initial testing showed
the actual velocity remained within 11.8% of this value, even at the highest nominal load.
Additionally, new wall surfaces were exposed to a wear-in period before conducting
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experiments. The wear-in period consisted of forty shears under a 10 kPa normal stress to
prep the surface.
3.2.3.2 Test Procedure
The linear actuator was fully extended and connected to the HDPE container to
begin each test. The HDPE container was placed on spacers to separate it from the wall
surface while loading the material and applying normal loads. At this point, 0.45 kgs of
material were added to the container and leveled using a brush. Three normal loads were
used, shown in Table 1, resulting in three normal stresses (5 kPa, 10 kPa, and 15 kPa).
Table 1. Normal loads applied to generate appropriate normal stress.
Normal Load (kg)
25.81
51.43
77.18

Confining Stress (kPa)
5
10
15

Two loading methods were also evaluated (standard and sequential). The standard
loading procedure was conducted by applying the lid and normal force and shearing the
material over the full length of the wall material sample (approximately 22 cm). The
fixture was then reset and a new sample was loaded for each material/wall/nominal load
combination. For the sequential loading tests, the lowest normal load was added first,
then the material was sheared 7 cm and stopped. The load was then increased to the next
level until all three normal forces were tested.
3.2.4 Shear Stress, Coefficient of Friction, and Wall Yield Locus Analysis

The shear stress, coefficient of friction, and wall yield locus were determined for
both standard and sequential datasets across both materials, surfaces, and three normal
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forces by utilizing a MATLAB script (MATLAB 2019b, The MathWorks Inc. Natick,
M.A., USA) and the recorded force from the load cell. All replications of a given
material/surface/nominal load were combined, and the shear stress at each point was
determined from the force recorded from the load cell and the area of the container
(equation (2)). The effective coefficient of friction at each point was determined by
dividing shear force by the normal force applied (equation (3)) to account for differences
in response at different normal loads.

𝜏 =

𝐹𝑅
𝐴

(2)

𝐹𝑅
𝜎

(3)

Where:
𝜏 = Shear Stress (kPa)
𝐹𝑅 = Shear Force (kN)
𝐴 = Area (m2)

µ =
Where:
µ = Coefficient of Friction (unitless)
𝐹𝑅 = Shear Force (kN)
𝜎 = Normal Force (kN)

The changes in the shear stress over different displacement ranges and loading
methods was used to evaluate the stability of the response. Figure 8a shows example data
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from standard loading tests of pellets on UHMW. At low displacements, slack is taken
out of the system, static friction is overcome, and the material rearranges because of nonuniform packing and can have non-homogenous shear deformation results (Molenda et al.
2002). These points were removed by trimming the first 0.95 cm from the data.
Similarly, the final displacement was trimmed to 20 cm to reduce variation in the point
where linear actuator stopped. For the standard loading tests, the datasets were trimmed
as shown for shear stress in Figure 8b. For the sequential loading tests, a similar approach
was used to trim the data. In this case, the middle 5 cm of for each normal force was
used. Example results for the raw and processed data are shown in Figure 9a and Figure
9b, respectively.
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0.95cm – 20 cm

(a)

Overall Average

Near Average

Far Average

(b)
Figure 8. Untrimmed versus trimmed shear stress of fuel pellets on UHMW using the standard
loading at 5 kPa, 10 kPa, 15 kPa normal loads. (a) untrimmed, (b) trimmed.
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5 cm

5 cm

5 cm

(a)

Overall Average

(b)
Figure 9. Untrimmed versus trimmed shear stress of fuel pellets on UHMW using sequential
loading at 5 kPa, 10 kPa, 15 kPa normal loads. (a) untrimmed, (b) trimmed.
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Percent changes in the average shear stress were used to evaluate the stability of
the friction response. For the standard loading method, the overall average (1 cm – 20
cm), near average (3.81 cm – 5.08 cm), and far average (19.05 cm – 20.32 cm) were
determined. Due to the shorter displacement distances, the overall average of the entire
duration was taken for the sequential loading method. The average overall values for both
standard and sequential runs, for 5 kPa, 10 kPa, and 15 kPa points were determined for
each material and surface over all three replications. For each normal force, material, wall
surface interaction and average value was determined. For each material wall surface
combination 5 kPa, 10 kPa, and 15 kPa values were plotted and a trendline was fit
showing a wall yield locus which can be used to determine the friction angle of materials.
The results of both standard and sequential loading methods are presented as
averages, percent differences, shear stress graphs versus displacement, and coefficient of
friction versus displacement graphs. Typically, wall yield locus graphs are discussed to
evaluate the friction angle and coefficient of friction of materials. However, due to the
overall impact of displacement seen in initial testing, the emphasis of this study is to
evaluate the effect of displacement on shear stress and the coefficient of friction which
cannot be studied using a wall yield locus.
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CHAPTER 4. RESULTS AND DISCUSSION
4.1

Angle of Repose Experiments

4.1.1 Pellet Properties

The physical pellet properties of all material/moisture content combinations used
for the AoR experiments are shown in Table 2. The nominal moisture levels evaluated for
bedding and hardwood pellets were 8%, 10%, and 12%, while for feed pellets, these
values were 12%, 14%, and 16%. The actual moisture contents of the samples were
monitored throughout the experiments, and the average was within half a point of the
nominal values.
Table 2. Pellet Physical Properties- As Influenced by Moisture Content[a]
Material

Moisture
Level

Moisture Content

Bulk Density

Average Diameter

Average
Observed Percent Fines
Length
(%)
(% w.b.)
(Kg m-3)
(mm)
(mm)
Bedding
Low
7.8±0.4
607±9
6.5±0.1
13.5±3.3
3.9±0.6
Bedding
Middle
10.1±0.3
559±18
6.6±0.1
12.7±3.3
14.6±3.5
Bedding
High
12.3±0.2
491±14
6.8±0.2
14.2±4.4
24.8±7.0
Hardwood
Low
8.0±0.5
609±19
6.7±0.1
19.5±6.5
3.2±1.1
Hardwood
Middle
10.4±0.3
599±8
6.8±0.1
11.3±1.8
8.9±3.0
Hardwood
High
11.9±0.6
516±11
6.8±0.1
18.8±4.7
7.4±3.8
Feed
Low
12.0±0.6
653±3
4.6±0.1
10.8±2.9
2.2±0.8
Feed
Middle
14.0±0.6
507±27
4.8±0.2
13.3±3.8
8.3±1.2
Feed
High
16.5±0.3
460±24
5.0±0.3
12.6±3.2
10.8±4.2
[a] Values shown are means ± one standard deviation. n = 20 for pellet length and diameter. n for all other values was at least 4.

Pellet diameter, length, bulk density, and particle breakdown were all impacted to
various degrees by changes in moisture level. Overall, the bulk density of wood pellets in
equilibrium moisture contents agreed with guiding values in literature, where typical
wood pellet bulk densities are between 600 kg m-3 and 750 kg m-3 (Wu et al., 2011).
However, as moisture content increased, there was a trend of decreasing bulk density,
consistent with other biological materials (Colley et al., 2006; Hall, 1972; Ileleji and
Zhou, 2008; Turner et al., 2021). The bulk density decrease was approximately 22.1,
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25.8, 42.4 kg m-3 per percentage point of additional moisture for bedding, hardwood, and
feed pellets. Pellet diameters also showed trends of increasing with higher moisture
content. Feed pellets diameters were most impacted, with an increase of 7.3% between
low and high moisture levels. Hardwood pellets were relatively unaffected, only
increasing by 1.2%. Changes in pellet lengths with increased moisture content did not
display conclusive trends. However, pellet samples at higher moisture levels visually
appeared to have reduced pellet stability. Examples of the observed pellet swelling and
degradation are shown in Figure 10.

Figure 10. Example bedding pellets before moisture treatment (left) and after conditioning to the
highest moisture level (right)

Pellet breakdown was also measured and quantified in terms of percent fines. The
change in percent fines at increased moisture levels better captured the observed trends
(Figure 11). The overall effect of moisture level on percent fines was significant, and
when evaluated across pellet types, each moisture level resulted in statistically different
fine levels. Overall, bedding pellets showed higher fine levels than feed and hardwood,
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and the trend of increasing percent fines was more pronounced, rising 20.9% between the
low and high moisture levels. There was a much smaller increase in percent fines for feed
and hardwood pellets. There was no significant difference in hardwood pellets, only low
moisture contents were significantly different in feed pellets, but all three levels were
significantly different in bedding pellets.

Figure 11. Particle breakdown as influenced by moisture content and pellet type. Error bars
represent ± one standard deviation (n = 5 per treatment).

Due to particle breakdown's potential influence on AoR, while testing the impact
of moisture content, the second set of experiments was conducted to determine only
particle breakdowns influence. Table 3 shows the physical properties directly impacted
by testing the influence of particle breakdown. Four nominal percent fine levels were
tested (0%, 5%, 10%, and 15%). Moisture contents were sampled but were not
manipulated and remained at equilibrium lab conditions. The average Percent fine levels
were measured before and after each set of experiments, and the average percent fine
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levels were always within a half-point of nominal values. The bulk density of the three
pellet types was significantly different, but only 0% fine levels were statistically different
from the other three levels.
Table 3. Pellet Physical Properties- As Influenced by Percent Fines [a]
Observed
Moisture Content
Bulk Density
Percent Fines
(% w.b.)
(Kg m-3)
(%)
Bedding
0%
0.5±0.7
635.4±5.1
Bedding
5%
4.9±0.2
642.3±6.8
6.1
Bedding
10%
9.5±0.7
630.8±4.3
Bedding
15%
15.4±0.5
635.2±5.9
Hardwood
0%
0.3±.4
640.7±2.6
Hardwood
5%
5.4±0.1
651.6±6.7
6.3
Hardwood
10%
10.1±0.1
655.7±4.0
Hardwood
15%
14.9±0.2
648.1±2.3
Feed
0%
0.4±0.6
593.0±1.3
Feed
5%
5.4±0.2
613.8±5.5
9.8
Feed
10%
10.3±0.4
613.5±4.0
Feed
15%
15.4±0.1
612.3±3.1
[a] Values shown are means ± one standard deviation. n=5 for observed percent
fines and bulk density.
Material

Fines
Level

4.1.2 Experiment 1: Moisture Contents Influence on Angle of Repose

The results of the moisture level experiments influence on AoR are shown in
Table 3. AoR values are separated by pellet/moisture content combination and are shown
for each of the five AoR measurement methods used. Throughout this discussion,
stacking AoR determined from the fixed funnel method is qualified as such, and the
stacking angle from the combined draining and stacking fixture is referred to simply as
stacking. The values shown represent the average of all replications ± one standard
deviation (n=5 per treatment). The main effects of material, moisture content, and
measurement method were significant. Additionally, the two-way and three-way
interactions between material, moisture level, and methods were significant. The overall
AoR averages across all methods and moisture contents were between 40.4°- 43.0° for
hardwood, feed, and bedding pellets. However, this is an overall average of all methods
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and moisture contents, and values ranged from a minimum of 31.8° (Low moisture
hardwood, fixed funnel-loose base) to a maximum of 63.5° (High moisture bedding,
tilting table).
Table 4. Influences of Moisture Content on AoR[a]
Draining Stacking
Fixed FunnelFixed Funnel (º)
(º)
Fixed Base (º)
Loose Base (º)
34.9±0.9
41.3±0.5 35.8±0.7
35.5±1.6
43.9±0.8 36.5±0.6
39.8±1.1
40.1±0.9
52.7±3.5 34.8±1.1
38.5±0.6
39.3±0.8
35.3±0.7 32.0±0.5
32.8±0.6
31.8±0.6
44.0±0.5 34.5±0.6
38.9±0.4
38.9±0.4
43.5±1.2 37.2±0.8
38.8±0.9
37.1±1.2
39.4±1.7 33.6±1.0
33.9±1.6
34.0±0.6
42.3±0.8 37.8±0.8
38.7±1.1
37.1±0.8
47.8±2.3 37.4±0.8
38.8±0.9
41.3±1.6
[a] Values shown are means ± one standard deviation (n = 5 per treatment)

Material

Moisture level

Bedding
Bedding
Bedding
Hardwood
Hardwood
Hardwood
Feed
Feed
Feed

Low
Middle
High
Low
Middle
High
Low
Middle
High

Tilting Table
(º)
49±1.5
58.6±1.7
63.5±2.8
46.4±1.8
55.9±1.2
59.5±3.7
48.2±2.1
55.7±4.8
59.1±2.3

4.1.2.1 Comparison between methods
The overall AoR for each method is shown in Figure 7 and is representative of all
combined moisture contents and material types. The three stacking AoR methods resulted
in the lowest AoR averages, followed by the draining AoR and the tilting table. The
draining result was 7.9° higher than the stacking value, while the tilting table method was
11.7° higher. This trend was consistent with other works and can be attributed to draining
and tilting table methods representing static AoR rather than dynamic (Al-Hashemi and
Al-Amoudi, 2018; Fowler and Wyatt, 1960). Overall AoR values were 43.4°, 35.5°,
37.3°, 37.2°, and 55.1° for the draining, stacking, fixed funnel-fixed base, fixed funnelloose base, and tilting table methods, respectively. Comparing both standard deviations
and coefficient of variation was used to study the variability between methods. Overall,
the stacking method resulted in the lowest coefficient of variation and the lowest standard
deviation. While the draining method resulted in the highest overall coefficient of
variation, the tilting table method had the highest standard deviation. The coefficients of
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variation were 11.3%, 5.6%, 7.0%, 8.3%, and 11.1% for draining, stacking, fixed funnel
fixed base, fixed funnel loose base, and the tilting table method, respectively. This was at
least partly due to the difficulty in estimating when the material began to slide in bulk. In
this method, the material had to be observed, and AoR was recorded once the material
began to flow in bulk.

Figure 12. Overall AoR by Measurement Method. Error Bars Represent ± one standard deviation.
Draining and stacking AoR were measured in the combined test. Fixed base and loose base represent
the fixed funnel method (n=45 per group).

Overall, the draining AoR and tilting table AoR were statistically different from
all other methods. When looking at the three methods used to evaluate the stacking AoR,
there were no significant differences between the fixed funnel methods (fixed floor and
loose floor). The stacking AoR determined using the combined test stacking method was
statically different and slightly lower than both fixed funnel methods. However, the
results were 5.1% and 4.7% lower for the fixed base and loose base fixed funnel methods.
Slight differences were expected due to differences in drop height and wall interactions.
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Based on these results, the subsequent discussion focused only on the tilting box and both
stacking and draining AoR determined using the newly designed fixture. Although,
during the experiments on the impacts of particle breakdown, only the box and tilting
table methods were used.
4.1.2.2 Influence of Moisture Content
Across pellet types and methods, each moisture level (equilibrium, 2% w.b.
higher, and 4% w.b. higher) was significantly different. Moisture content's overall
influence on AoR was significant. The change in AoR separated by pellet type is shown
in Figure 13. The average AoR measurements and standard deviations are separated by
moisture level and the AoR measurement method. Generally, as moisture levels
increased, the draining and tilting table methods showed an increase in AoR with
increased moisture. In most cases, the trend was not linear, and all three levels were not
significantly different. The stacking method was least impacted by moisture content and
often resulted in no significant differences between moisture levels.
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(a)

(b)
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(c)
Figure 13. Influences of Moisture Content on AoR for (a) bedding pellets, (b) feed pellets, (c)
hardwood pellets. Error Bars Represent ± one standard deviation (n=5 per treatment).

The impact of moisture level on AoR for bedding pellets is shown in Figure 13a.
Bedding pellets had the highest AoR of the three materials and were most impacted by
moisture level. The overall AoR ranged from 39.3° to 45.8° across all moistures and
methods. Although the draining AoR ranged from 41.3° to 52.7°, only the high moisture
level was significantly different. No significant differences were found for the stacking
method, and all moisture levels were within approximately 4.6% of each other. The
tilting table method showed a linear increase of 3.2° per percentage point of moisture
added, and all moisture levels were significantly different.
Feed pellets showed a similar trend to hardwood pellets (Figure 9b). AoR
increased by approximately 1.9° per percentage point of moisture added between the
draining method's low and high levels. However, there was no significant difference
between the low and medium moisture levels. AoR for the stacking method was only
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significantly impacted by the increased moisture content between low and medium
moisture levels, where AoR increased by 4.2°. The tilting table method showed a similar
trend. A 69% increase was observed between low and medium moisture contents, and
medium and high moisture contents were not significantly different.
For hardwood pellets (Figure 13c), AoR increased by approximately 3.6° per
percentage point of moisture added between the draining method's low and medium
moisture levels. However, there was no significant difference between the medium and
high moisture levels. The increase in AoR was less pronounced for the stacking method,
and only low and high moisture levels differed. Still, the increase was approximately
linear overall at 1.3° per point of moisture added. The tilting table method resulted in the
highest overall AoR with the largest standard deviation. There was a 13.1° increase
across the moisture range. The additional moisture had the biggest impact on the tilting
AoR between the low and medium moisture levels. 72% of the total increase was
observed between these levels, and the only significant difference observed was between
the low-medium and low-high moisture levels.
4.1.3 Experiment 2: Impacts of Fines

Due to the apparent pellet breakdown observed when testing the impacts of
increased moisture content, additional experiments were conducted to assess how particle
breakdown impacts AoR. Particle breakdown was evaluated in terms of percent fines and
tested based on four levels of increasing fines. The same type of pellets (pine bedding,
hardwood, and feed) used in the moisture influence experiments were evaluated. Three
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AoR measurement methods were tested for each pellet/particle breakdown combination:
stacking, draining, and the tilting box method. Four percent-fine levels were evaluated
(0%, 5%, 10%, and 15%), and the results are shown in Table 5. The main effects of
material, fines level, and method were significant. Additionally, the two-way and threeway interactions between material, percent fines, and method were significant. Across all
methods and fine levels, bedding and feed pellets were not significantly different, and the
average AoR values were 41.7°, 44.6°, and 33.0° for hardwood, feed, and bedding
pellets, respectively. Overall, all levels of particle breakdown resulted in significantly
different AoR values, and each method was significantly different, which was consistent
with the moisture level results.
Table 5. Influences by Fines on Angle of Repose (AoR) [a]
Material
Bedding
Bedding
Bedding
Bedding
Hardwood
Hardwood
Hardwood
Hardwood
Feed
Feed
Feed
Feed

Draining Angle
Stacking Angle Tilting Box Angle
(º)
(º)
(º)
0%
39.7±0.8
34.7±0.7
51.0±2.1
5%
40.3±0.5
34.2±0.6
52.1±2.5
10%
44.0±0.8
34.9±0.9
56.2±1.4
15%
47.1±0.9
34.5±1.2
59.1±1.4
0%
35.6±1.0
32.6±0.7
49.5±3.5
5%
39.2±1.0
33.1±0.7
53.0±1.9
10%
39.6±0.7
33.1±0.7
52.2±4.9
15%
42.3±0.6
33.9±0.8
56.1±2.9
0%
38.5±0.4
35.8±0.7
50.0±1.2
5%
41.5±1.2
34.9±0.8
58.1±1.5
10%
43.7±0.6
35.0±0.5
60.5±1.7
15%
46.0±1.7
33.6±1.3
57.2±2.6
[a] Values shown are means ± one standard deviation (n = 5 per treatment)
Nominal Fine Level

While a direct comparison between the two sets of experiments cannot be made
because of the difference in moisture content, several interesting points were observed. In
moisture influence results, bedding pellets maintained the highest AoR and hardwood
maintained the lowest AoR. However, feed pellets maintained the highest AoR, and
hardwood maintained the lowest AoR while determining the impacts of particle
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breakdown. While the exact relationship is unknown, bedding pellets are most likely
impacted more by the addition of moisture due to their overall stability and the increased
particle degradation seen with higher moisture content compared to the two other pellet
types. Methods kept the same trend where the tilting table method produced the highest
AoR and stacking produced the lowest overall AoR. Between both method and particle
breakdown percentages, the stacking method was even less impacted by particle
breakdown than the moisture content experiments. This provides evidence that moisture
content's impact on the stacking method is from moisture influences alone, as particle
breakdown tested independently did not impact AoR. Minimal changes were seen across
particle breakdown levels, inconsistent with the common belief that increased fines
increase AoR (Teferra 2019). Similar to the moisture level results, the change in AoR
separated by pellet types is shown in Figure 14. The average AoR measurements and
standard deviations are separated by particle breakdown level and the AoR measurement
method.
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(a)

(b)
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(c)
Figure 14. Influences of particle breakdown on AoR for (a) bedding pellets, (b) feed pellets, (c)
hardwood pellets. Series represent nominal fine levels, and error bars represent ± one standard
deviation (n=5 per treatment).

For the draining AoR of the bedding pellet (Figure 14a), almost no impact was
seen between the 0% and 5% levels, while the 10% and 15% levels were significantly
different from all other levels. Draining AoR values ranged from 39.7° to 47.1°
representing an increase of 17% from the lowest to the highest level. Stacking AoR was
not impacted by particle breakdown and no levels were significantly different, and values
ranged between 34.2° to 34.9°. The tilting table method showed a similar trend to the
draining method; however, values were 21.6% higher across all fine levels and showed
increased variability. The tilting table method resulted in the highest overall, AoR and at
the highest fines level was 59.1°.
The draining AoR for feed pellets (Figure 14b) showed a clearer trend than
bedding pellets and increased approximately 0.5° per percentage point increase in fines
between the 0% and 15% particle breakdown levels. Again, the stacking method was not
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impacted by increasing levels of particle breakdown. There were no significant
differences between any levels, and values ranged from 35.8° to 33.6°. The tilting table
method also resulted in the highest overall AoR, and, at 60.5°, the 10% level was the
highest AoR observed in these experiments. However, it did not exhibit the same trends
as the draining AoR. Tilting AoR showed an initial increase between the 0% and 5%
levels, but higher fine levels had minimal impact. There was a numeric decrease between
the 10% and 15% levels and the 5%, 10% and 15% particle breakdown levels were not
statistically different.
Overall, hardwood pellets (Figure 14c) were least impacted by particle
breakdown, and values ranged less than 5% within the stacking method. The draining
AoR showed its largest changes between 0% and 5% and then between 10% and 15%.
The initial increase from 35.6° to 39.2° (0%-5%) represented 53.6% of the overall
increase in AoR, and only the 0% and 15% particle breakdown levels were significantly
different. The stacking AoR was between 32.6° and 33.9° across fine levels, and no
statistical differences were observed, consistent with the other pellet types. The tilting
table AoR was more variable in hardwood pellets and showed no definitive trends with
increasing fine levels but was 25.7% higher overall.
4.1.3.1 Relationship Between Static AoR Methods
Figure 15 shows the relationship between both static methods of estimating AoR
(tilting table and draining). The figure includes the results from both experiments and
included all material types, moisture level treatments, and fine level treatments. There
was a linear trend between the two AoR methods and the intercept of 12.9°, which
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corresponds with the tilting table being 15.5° higher on average across both experiments.
The slope was close to one, indicating the two methods responded similarly to increased
moisture or fines. Stacking compared to draining and stacking compared to the tilting
table showed no meaningful correlation, reinforcing that increasing moisture and fines
impacted static and dynamic AoR differently.

Figure 15. Relationship Between Tilting Table and Draining (Static) AoR. Includes treatment
averages from both experiments, and error bars represent ± one standard deviation. The diagnal line
represents 1:1 agreement.

4.2

Experiment 3: Wall Friction

4.2.1 Material Properties

Physical material properties of fuel pellets and No. 2 corn used in the wall friction
experiments are shown in Table 6. The average moisture content and bulk density are
shown for both materials, but the average length and diameter are only shown for pellets.
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No. 2 corn maintained a moisture content of 11.5 % w.b. with a bulk density of 739 ±1 kg
m-3. The moisture content of fuel pellets was 7.3 % w.b. and maintained an overall bulk
density of 625±3 kg m-3. The pellets had overall diameters of 6.8±0.2mm and lengths of
16.1±5.1mm.
Table 6. Material Physical Properties[a]
Moisture Content Bulk Density Average Diameter Average Length
(% w.b.)
(Kg m-3)
(mm)
(mm)
U.S. No. 2 Corn
11.5
739±1
N.A.
N.A.
Fuel Pellets
7.3
625±3
6.8±0.2
16.1±5.1
[a] Values shown are means ± one standard deviation. n = 20 for pellet length and n=3 for bulk density and n=2 for moisture content.
Material

4.2.2 Stability of Response

4.2.2.1 Standard Loading Procedure
The shear stress as a function of displacement using the standard loading
procedure can be seen in Figure 16 for corn. These are the trimmed datasets and contain
separate series for each confining pressure, and each series contains three replications.
The changes in friction as a function of displacement here are indicated in terms of shear
stress, which represents the force required to move materials relative to the surface
contact area. Utilizing the standard loading method, corn on UHMW showed relatively
consistent behavior across the displacement area, and the lower results for UHMW are
consistent with its low friction properties. However, galvanized steel results for corn
showed a gradual linear increase, with the 5 kPa normal load being the least impacted.
The shear stress was expected to reach a relatively stable point after overcoming static
friction, but the results here indicate that displacement impacted the observed friction for
certain conditions.
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(a)

(b)
Figure 16. Shear stress of corn using the standard loading method and 5 kPa, 10 kPa, 15 kPa
normal forces. (a) UHMW, (b) steel.
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The shear stress as a function of displacement using the standard loading
procedure can be seen in Figure 17 for fuel pellets. For fuel pellets on the UHMW
surface, a gradually decrease was observed for shear stress across all normal forces. A
decrease from an initial peak has been shown in other studies and to remove these
values the initial 0.95 cm was removed from the data to account for material
overcoming static friction as shown in Figure 9 (Zhang et al. 1994; Chen et al. 2020).
Similar to above, this decrease indicates either friction is changing, or the material is
yet to reach steady state. Feed pellets against the steel surface (Figure 17b) showed
gradually increasing values which peaked and then began decreasing. This was not
expected because it was assumed a stable state would be reached and maintained.

(a)
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(b)
Figure 17. Shear stress of fuel pellets using the standard loading method and 5 kPa, 10 kPa, 15
kPa normal forces. (a) UHMW, (b) steel.

The average shear stress in different displacement ranges was used to quantify
the change in behavior over the course of the test. Untrimmed shear stress graphs and
the COF graphs are shown in the Appendix. The corn and fuel pellets results are
shown in Table 7 for UHMW and Table 8 for galvanized steel. The values shown in
both tables are expressed as overall averages (0.95 cm – 20 cm), near averages (3.81
cm – 5.08 cm), and far averages (19.05 cm – 20.32 cm) to show the impacts
displacement has on shear stress and consequently the COF.
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Table 7. Shear stress of corn and fuel pellets on UHMW [a]
Normal
stress
(kPa)

Overall
Average
Shear
Stress
(kPa)

Near
Average
Shear
Stress
(kPa)

Far
Average
Shear
Stress
(kPa)

Near Average to
Overall Average
Percent
Difference (%)

Far Average to
Overall Average
Percent
Difference (%)

Near Average to
Far Average
Percent
Difference (%)

Corn

5

1.16

1.18

1.13

1.78

-2.50

-4.20

Corn

10

1.87

1.89

1.86

1.12

-0.90

-1.99

Corn

15

2.49

2.51

2.49

0.78

0.04

-0.73

Material

Fuel
5
1.34
1.39
1.28
3.61
-4.69
-8.01
Pellets
Fuel
10
2.34
2.41
2.23
2.87
-4.75
-7.41
Pellets
Fuel
15
3.37
3.45
3.22
2.38
-4.49
-6.71
Pellets
[a] All values shown are n=3 per treatment. No standard deviations are shown because values are averages of averages.

Table 8. Shear stress of corn and fuel pellets on steel [a]

Normal
stress (kPa)

Overall
Average
Shear
Stress
(kPa)

Near
Average
Shear
Stress
(kPa)

Far
Average
Shear
Stress
(kPa)

Near
Average to
Overall
Average
Percent
Difference
(%)

Far
Average to
Overall
Average
Percent
Difference
(%)

Corn

5

1.03

1.01

1.03

-2.02

0.09

2.16

Corn

10

1.48

1.41

1.57

-4.80

5.74

11.07

Corn

15

1.92

1.83

2.10

-4.98

9.04

14.76

Material

Near
Average to
Far
Average
Percent
Difference
(%)

Fuel
5
1.23
1.19
1.24
-3.27
1.36
4.78
Pellets
Fuel
10
2.02
1.96
2.03
-2.71
0.61
3.41
Pellets
Fuel
15
2.87
2.79
2.89
-2.80
0.54
3.43
Pellets
[a] All values shown are n=3 per treatment. No standard deviations are shown because values are averages of averages.

The overall shear stress of corn across all three normal loads for UHMW was
1.84 kPa and 1.48 kPa for steel. The near average on UHMW slightly overestimated
results compared to the overall average, where the lowest normal force was 1.78%
higher. However, there was a 4.2% difference between near and far averages at the
lowest normal force. The shear stress of steel resulted in much greater differences.
The initial average underestimates the overall shear stress on steel surfaces where the
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highest normal force resulted in a 4.98% difference. Additionally, the highest normal
force near and far average was 14.76% different. These trends can be visualized by
looking at Figure 16 for corn and Figure 17 for fuel pellets.
The overall shear stress of fuel pellets across all three normal loads for
UHMW was 2.35 kPa and 2.04 kPa for steel (n=9). The shear stress and COF of corn
resulted in lower values than fuel pellets. On a UHMW surface, fuel pellets for low,
medium, and high normal loads near average compared to the overall average were
4.69%, 4.75%, and 4.49% lower. Additionally, the near average compared to the
overall average on steel was 3.27%, 2.71%, and 2.80%. Due to displacement
influencing the shear stress and COF near average compared to far averages showed
greater differences. On the UHMW surface, low, medium, and high normal forces
were 8.01%, 7.41%, and 6.71% lower when comparing near averages to far averages.
The opposite trend was seen on steel, where low, medium, and high normal loads
resulted in 4.78%, 3.41%, and 3.43% higher values when comparing the near average
to far average.
Overall, there were clear differences in the response as a function of
displacement, but there was no consistent trend between bulk material, wall material, and
confining pressure. One possible explanation for this is that the material fails to reach
steady state under the displacement considered. This would have implications for a range
of similar tests that utilize smaller displacements. Another possible explanation is that the
material contact area is changing or the particles themselves are wearing in over the
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course of the test. This would be analogous to the ‘wear in’ on wall materials that has
been observed by others (Zhang et al. 1994; Grima et al. 2010).
Sequential Loading Procedure
The sequential loading method results are shown below. The shear stress of corn
is shown in Figure 18 and fuel pellets in Figure 19. The coefficient of friction are shown
in the Appendix. Additionally, the coefficient of friction values were used to determine
the linear wall friction of materials, shown in Figure 28 for corn and fuel pellets. The
overall averages of the sequential tests are shown in Table 9. Results are discussed in
terms of shear stress and the overall average because of the shorter 7cm displacement
area using sequential loading.
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(a)

(b)
Figure 18. Shear stress of corn using the sequential loading method and 5 kPa, 10 kPa, 15 kPa
normal forces. (a) UHMW, (b) steel.
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(a)

(b)
Figure 19. Shear stress of fuel pellets using the sequential loading method and 5 kPa, 10 kPa, 15
kPa normal loads. (a) UHMW, (b) steel.
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Utilizing the sequential loading method, testing time was sustainably increased,
but the impacts of displacement are much harder to investigate due to the limited
displacement area. The shear stress of corn on UHMW showed relatively consistent shear
stress values across the 7 cm displacement. Although, sheet metal overall showed
gradually decreasing values, especially for the 10 kPa normal load. Additionally, fuel
pellets on UHMW showed decreasing shear stress across all normal loads. However, the
steel results showed gradually increasing values for both 5 kPa and 10 kPa normal loads
but decreasing values for the 15 kPa results. The overall averages for the sequential tests
are shown in Table 9 across the 7 cm displacement area for each normal load. The overall
shear stress of corn across all three normal loads for UHMW was 1.87 kPa and 1.42 kPa
for steel (n=9). The overall shear stress of fuel pellets across all three normal loads for
UHMW was 2.48 kPa and 1.98 kPa for steel (n=9). Materials show a slightly decreasing
trend when comparing UHMW and steel surfaces at all three normal forces.

Table 9. Shear stress of corn and fuel pellets on UHMW and Steel (n=3 per treatment)

Material

Normal
stress (kPa)

Overall
Average
Shear
Stress
(kPa) on
UHMW

Corn

5

1.15

0.93

Corn

10

1.89

1.44

Corn
Fuel
Pellets
Fuel
Pellets
Fuel
Pellets

15

2.58

1.90

5

1.48

1.15

10

2.50

2.02

15

3.45

2.76
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Overall
Average
Shear
Stress
(kPa) on
steel

4.2.3 Comparison between Standard and Sequential Loading

The standard and sequential results are compared in Table 10 for UHMW and
Table 11 for steel. For both UHMW and steel results the sequential average compared to
all averages for the standard loading method resulted in higher values. Additionally, corn
resulted in the lowest shear stress and consequentially COF values for both surfaces.
Corn on UHMW differed the most from the standard loading method at the lowest
normal force where the sequential compared to the overall, near average and far average
were 10.63%, 8.67%, and 10.63% higher. However, on the steel surface results were
much less impacted, and the most impacted results were the high normal load results
where the sequential compared to the overall, near average and far average were 3.57%,
2.77%, and 3.57% higher. The fuel pellets on UHMW were also most impacted at the
lowest normal force where the sequential compared to the overall, near average and far
average were 6.96%, 3.65%, and 7.77% higher. All other results for fuel pellets on
UHMW were less than 5% different. On the steel surface, fuel pellets showed larger
differences at both the low and medium level normal forces where the sequential
compared to the overall, near average and far average were 9.70%, 6.05%, and 14.27%
higher at the low normal force and 6.57%, 3.62%, and 11.37% higher at the medium
normal force. However, the high normal force on steel was less than 3% except for
comparing the sequential average to the far average where the results were 6.91% higher.
These differences could be due to a combination of previously discussed displacementdependent results or due to differences in particle rearrangement under different loading
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patterns. The low confining pressures used in this study represent the range of pressure
where the largest amount of particle arrangement is typically seen.

Table 10. Comparison between standard and sequential loading of shear stress of corn and fuel
pellets on UHMW (n=3 per treatment)
Overall
Average
Shear
Stress
(kPa)

Near
Average
Shear
Stress
(kPa)

Far
Average
Shear
Stress
(kPa)

Sequential
Average to
Overall
Standard
Average
Percent
Difference
(%)

Sequential
Average to
Standard Near
Average
Percent
Difference
(%)

Sequential
Average to
Standard Far
Average
Percent
Difference
(%)

Material

Normal
stress
(kPa)

Overall
Sequential
Loading
Shear Stress
(kPa)

Corn

5

1.15

1.16

1.18

1.13

0.74

2.45

1.88

Corn

10

1.89

1.87

1.89

1.86

1.23

0.16

1.76

Corn

15

2.58

2.49

2.51

2.49

3.57

2.77

3.57

5

1.48

1.34

1.39

1.28

9.70

6.05

14.27

10

2.50

2.34

2.41

2.23

6.57

3.62

11.37

15

3.45

3.37

3.45

3.22

2.36

0.01

6.91

Fuel
Pellets
Fuel
Pellets
Fuel
Pellets

Table 11. Comparison between standard and sequential loading of shear stress of corn and fuel
pellets on steel (n=3 per treatment)

Normal
stress
(kPa)

Overall
Sequential
Loading
Shear Stress
(kPa)

Overall
Average
Shear
Stress
(kPa)

Near
Average
Shear
Stress
(kPa)

Far
Average
Shear
Stress
(kPa)

Sequential
Average to
Overall
Standard
Average
Percent
Difference
(%)

Sequential
Average to
Standard Near
Average
Percent
Difference
(%)

Sequential
Average to
Standard Far
Average
Percent
Difference
(%)

Corn

5

0.93

1.03

1.01

1.03

10.63

8.67

10.63

Corn

10

1.44

1.48

1.41

1.57

2.56

2.28

8.46

Corn
Fuel
Pellets
Fuel
Pellets
Fuel
Pellets

15

1.90

1.92

1.83

2.1

0.90

3.90

9.86

5

1.15

1.23

1.19

1.24

6.96

3.65

7.77

10

2.02

2.02

1.96

2.03

0.17

2.85

0.66

15

2.76

2.87

2.79

2.89

4.00

1.17

4.69

Material
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4.2.4 Overall Friction Values

Utilizing the COF values determined and displayed on the graphs in the
Appendix, a wall yield locus was generated using the 5 kPa, 10 kPa and 15 kPa normal
forces. The wall yield locus was produced by plotting the normal load shear stress results
and normal loads for each material, wall surface, and loading method. A trendline was
then fit through the plotted points to determine the regression of the data. An example
wall yield graph, regression, and R2 value are shown in Figure 20. Results for other
material combinations are shown in the Appendix. Using the same methods as Molenda
et al. (2002), the equation was converted to display the COF function. The results for
each material, loading method, and wall surface as shown below in Table 12. Overall, the
COF for corn across all three loads on UHMW and steel was 0.20 and 0.16, while fuel
pellets were 0.25 and 0.21. Also, when comparing the standard versus sequential
methods, corn showed a 0.85% difference between methods on UHMW and a 5.43%
difference on steel. Fuel pellets showed a 6.53% difference on UHMW and a 3.45%
difference on steel.

Table 12. Estimated Coefficient of Friction Equations (n=9 per treatment)
Material
Corn
Corn
Corn
Corn
Fuel Pellets
Fuel Pellets
Fuel Pellets
Fuel Pellets

Loading Method
Standard
Sequential
Standard
Sequential
Standard
Sequential
Standard
Sequential

Wall Surface
UHMW
UHMW
Steel
Steel
UHMW
UHMW
Steel
Steel

Equation
µ=0.5118/σ +0.1331
µ=0.4445/σ +0.1430
µ=0.5862/σ +0.0892
µ=0.4471/σ +0.4471
µ=0.2030/σ +0.3219
µ=0.1974/σ +0.5016
µ=0.1646/σ +0.3932
µ=0.1610/σ +0.3636
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R2
0.9985
0.9995
1.0000
0.9989
0.9999
0.9996
0.9994
0.9979

Figure 20. Wall yield locus of corn using the standard loading method and 5 kPa, 10 kPa, and
15 kPa normal forces on a UHMW surface.
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CHAPTER 5. CONCLUSIONS
5.1

AoR

Understanding materials' physical properties and handling characteristics is
crucial for handling facilities to operate efficiently. This study evaluated the impact of
moisture level and percent fines on the handling characteristics of three pellet types,
using multiple methods to measure the repose angle. The proposed combined
stacking/draining test fixture and image analysis tool using a polyline fit to the pellet
boundary was adequate for measuring AoR. No differences were observed between the
two fixed funnel methods. All two-way and three-way interactions were significant;
methods and increasing moisture contents and percent fine levels resulted in significant
AoR differences across all materials. The observed increases in stacking (dynamic) AoR
with increased moisture indicate the potential for increased handling difficulty, but values
remained mostly in the "free-flowing" range. This method was relatively unaffected by
fines. Both methods for measuring static AoR (draining and tilting table) were more
impacted by moisture and percent fines increases and were linearly correlated, with the
tilting table 15.5º higher on average. The draining AoR was 7.5º higher on average than
the piling AoR across all materials, moisture contents, and percent fine levels. The
stacking AoR for hardwood, pine bedding, and feed pellets were 33.8º, 35. 0º, and 35.4º,
respectively, while draining AoR was 39.9º, 44.2º, and 42.7º across all moisture contents
and fine levels.
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5.2

Linear Wall Friction

The frictional properties of materials are directly related to storage and handling
systems' handling characteristics and design. However, pelletized biomass materials
present various problems because of their larger particle sizes and nontypical aspect
ratios. The objective of this study was to determine the frictional properties of pelletized
biomass materials and show that normal force and displacement length impacted these
results. Overall, there were clear differences in the response as a function of
displacement, with a maximum difference observed being 14.8%. This indicates that
either friction is changing over the length of the test or that steady state is never reached.
However, there was no consistent trend of increasing or decreasing response between
bulk material, wall material, and confining pressure. Differences between loading
methods were also observed, which could be attributed to a combination of previously
discussed displacement-dependent results or due to differences in particle rearrangement
under different loading patterns. The COF equations derived from the wall yield locus
regression resulted in small differences when comparing the standard and sequential
methods. The overall COF of corn across both methods and all three normal loads for
UHMW was 0.20 and 0.16 for steel (n= 18 per treatment). The overall COF for fuel
pellets across methods and all three normal loads for UHMW was 0.25 and 0.21 for steel
(n=18 per treatment). To some degree this averaged out some of the variations due to
displacement; however, this work has shown that shear displacement needs to be
accounted for when evaluating COF.
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5.3

Future Work

Due to the limited number of standards and test procedures for pelletized biomass
materials, a large amount of research can be conducted on these materials' physical
properties and handling characteristics. The AoR test procedures can be researched
further by expanding the range of moisture contents to determine the influence of lower
or higher moisture contents. Also, paired tests can be conducted to determine both
moisture content and particle breakdown effects. Additionally, drop heights and orifice
sizing can be researched, which plays an essential role in the dynamic AoR. The linear
wall friction experiments can be expanded to investigate the frictional properties of a
variety of other materials across different wall surfaces. These experiments can also
review the impact of lower or higher confining pressures and study the apparent
degradation seen with displacement. The effects of increased moisture and particle
breakdown can also be evaluated on the linear wall friction of materials to determine the
impacts of less-than-ideal conditions.
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CHAPTER 7.

APPENDICES

Appendix A. Bulk Density Graphs

Figure A-1: Bulk density of materials compared to moisture content (minimum of n=3 per treatment)

Figure A-2: Bulk density of materials compared to fine level (n=4 per treatment).
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Appendix B. Coefficient of Friction Graphs

Figure B-1: Coefficient of Friction of corn using the standard loading method and 5 kPa, 10 kPa, and 15
kPa normal loads on a UHMW surface.

Figure B-2: Coefficient of Friction of corn using the sequential loading method and 5 kPa, 10 kPa, and 15
kPa normal loads on a UHMW surface.
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Figure B-3: Coefficient of Friction of corn using the standard loading method and 5 kPa, 10 kPa, and 15
kPa normal loads on a steel surface.

Figure B-4: Coefficient of Friction of corn using the sequential loading method and 5 kPa, 10 kPa, and 15
kPa normal loads on a steel surface.
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Figure B-5: Coefficient of Friction of fuel pellets using the standard loading method and 5 kPa, 10 kPa, and
15 kPa normal loads on a UHMW surface.

Figure B-6: Coefficient of Friction of fuel pellets using the sequential loading method and 5 kPa, 10 kPa,
and 15 kPa normal loads on a UHMW surface.
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Figure B-7: Coefficient of Friction of fuel pellets using the standard loading method and 5 kPa, 10 kPa, and
15 kPa normal loads on a steel surface.

Figure B-8: Coefficient of Friction of fuel pellets using the sequential loading method and 5 kPa, 10 kPa,
and 15 kPa normal loads on a steel surface.
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Appendix C. Wall Yield Locus

Figure C-1: Wall yield locus of corn using the sequential loading method and 5 kPa, 10 kPa, and 15 kPa
normal forces on a UHMW surface.

Figure C-2: Wall yield locus of corn using the standard loading method and 5 kPa, 10 kPa, and 15 kPa
normal forces on a steel surface.
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Figure C-3: Wall yield locus of corn using the sequential loading method and 5 kPa, 10 kPa, and 15 kPa
normal forces on a steel surface.

Figure C-4: Wall yield locus of fuel pellets using the standard loading method and 5 kPa, 10 kPa, and 15
kPa normal forces on a UHMW surface.
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Figure C-5: Wall yield locus of fuel pellets using the sequential loading method and 5 kPa, 10 kPa, and 15
kPa normal forces on a UHMW surface.

Figure C-6: Wall yield locus of fuel pellets using the standard loading method and 5 kPa, 10 kPa, and 15
kPa normal forces on a steel surface.
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Figure C-7: Wall yield locus of fuel pellets using the sequential loading method and 5 kPa, 10 kPa, and 15
kPa normal forces on a steel surface.
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Appendix D. Untrimmed Coefficient of Friction Graphs

Figure D-1: Untrimmed coefficient of friction of corn on steel using the standard loading method (n=3).

Figure D-2: Untrimmed coefficient of friction of corn on UHMW using the standard loading method (n=3).
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Figure D-3: Untrimmed coefficient of friction of fuel pellets on steel using the standard loading method
(n=3).

Figure D-4: Untrimmed coefficient of friction of fuel pellets on UHMW using the standard loading method
(n=3).
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Figure D-5: Untrimmed coefficient of friction of corn on steel using the sequential loading method (n=3).

Figure D-6: Untrimmed coefficient of friction of corn on UHMW using the sequential loading method
(n=3).
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Figure D-7: Untrimmed coefficient of friction of fuel pellets on steel using the sequential loading method
(n=3).

Figure D-7: Untrimmed coefficient of friction of fuel pellets on UHMW using the sequential loading
method (n=3).
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Appendix E. Untrimmed Shear Stress Graphs

Figure E-1: Untrimmed shear stress of corn on steel using the standard loading method (n=3).

Figure E-2: Untrimmed shear stress of corn on UHMW using the standard loading method (n=3).
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Figure E-3: Untrimmed shear stress of fuel pellets on steel using the standard loading method (n=3).

Figure E-4: Untrimmed shear stress of fuel pellets on UHMW using the standard loading method (n=3).
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Figure E-5: Untrimmed shear stress of corn on steel using the sequential loading method (n=3).

Figure E-6: Untrimmed shear stress of corn on UHMW using the sequential loading method (n=3).
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Figure E-7: Untrimmed shear stress of fuel pellets on steel using the sequential loading method (n=3).

Figure E-8: Untrimmed shear stress of fuel pellets on UHMW using the sequential loading method (n=3).
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Appendix F. MATLAB Script Analyzing AoR
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

%****************************************************************
******
% TITLE: Script to measure AoR from picture taken of the box
% AUTHOR: Ryan Dean & Aaron P. Turner
% DATES: Jan 2020
% DESCRIPTION: Reads in picture taken of AoR box, processes, and
calls
% angle measurement tool
%****************************************************************
******
clc; close all; clear;
%set directory
dir=XXXX';
%set folder
folder='Bedding Pellets\';
file='S4MC3REP5PIC2 (Fixed Floor).jpeg';
%read in picture. Can make interactive after development
%I = imread('S1MC2REP5.jpeg');
I = imread([dir folder file]);
%Rotate because comes in wrong orientation
I=imrotate(I,-90,'bilinear');
%Crop Picture
start_row=1000;
end_row = 3800; % Pixel value to crop to on the bottom
I = I(start_row:end_row, :, :);%Crop picture
my_angle_measurement_tool(I);
%Threashold IM and convert to B&W. May not be needed
%I = rgb2gray(I);
%BW = imbinarize(I);
%BW = ~BW; % complement the image (objects of interest must be
white)
%Calls the angle measurement tool
%my_angle_measurement_tool(BW);

37.
38.
39.
40.
41.
42.
43.
44.
45.

function my_angle_measurement_tool(im)
% Create figure, setting up properties
figure('Name','My Angle Measurement Tool',...
'NumberTitle','off',...
'IntegerHandle','off');
% Display image in the axes % Display image
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46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.

imshow(im)
%Added to make display full screen
set(gcf,'units','normalized','outerposition',[0 0 1 1]);
% Get size of image.
m = size(im,1);
n = size(im,2);
% Get center point of image for initial positioning.
midy = ceil(m/2);
midx = ceil(n/2);
% Position first point vertically above the middle.
firstx = midx;
firsty = midy - ceil(m/4);
lastx = midx + ceil(n/4);
lasty = midy;
% Create a two-segment right-angle polyline centered in the
image.
h =
impoly(gca,[firstx,firsty;midx,midy;lastx,lasty],'Closed',false);
api = iptgetapi(h);
initial_position = api.getPosition()
% Display initial position
updateAngle(initial_position)
% set up callback to update angle in title.
api.addNewPositionCallback(@updateAngle);
fcn =
makeConstrainToRectFcn('impoly',get(gca,'XLim'),get(gca,'YLim'));
api.setPositionConstraintFcn(fcn);
%
% Callback function that calculates the angle and updates the
title.
% Function receives an array containing the current x,y position
of
% the three vertices.
function updateAngle(p)
% Create two vectors from the vertices.
% v1 = [x1 - x2, y1 - y2]
% v2 = [x3 - x2, Y3 - y2]
v1 = [p(1,1)-p(2,1), p(1,2)-p(2,2)];
v2 = [p(3,1)-p(2,1), p(3,2)-p(2,2)];
% Find the angle.
theta = acos(dot(v1,v2)/(norm(v1)*norm(v2)));
% Convert it to degrees.
angle_degrees = (theta * (180/pi));
% Display the angle in the title of the figure.
title(sprintf('(%1.1f) degrees',angle_degrees))
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Appendix G. MATLAB Script Analyzing Linear Wall Friction.
%**********************************************************************
****
% TITLE: Script to Look at RHD's Pellet/wall friction data
% AUTHOR: Ryan Dean & Aaron P. Turner
% DATES: April 2022
% DESCRIPTION: This is for standard loading: a modified version was
used for sequential loading.
%**********************************************************************
***
clear; clc; close all;
%load Data.mat
%load Pellet_UHMW1.mat
load All_Data.mat

%{
name='Pellet_UHMW';
%Trim bounds of the data
trim=Pellet_UHMW(Pellet_UHMW.Displacement < 8,:); %Cut points after 8
inches
trim(trim.Pressure==10 &trim.Force>67,:)=[]; %delete bad point
trim(trim.Pressure==5 &trim.Force<2.5,:)=[]; % Delete other bad point
%}
%{
name='Pellet_Steel';
%Trim bounds of the data
trim=Pellet_Steel(Pellet_Steel.Displacement < 8,:); %Cut points after 8
inches
trim(trim.Force > 100,:)=[];%delete bad pts
trim(trim.Pressure==10 &trim.Force>25,:)=[];%delete bad point
trim(trim.Rep==1,:)=[];%First rep excluded
%}
%{
name='Corn_UHMW';
%Trim bounds of the data
trim=Corn_UHMW(Corn_UHMW.Displacement < 8,:); %Cut points after 8
inches
trim(isnan(trim.Force),:)=[];
%}
%{
name='Corn_Steel';
%Trim bounds of the data
trim=Corn_Steel(Corn_Steel.Displacement < 8,:); %Cut points after 8
inches
trim(trim.Pressure==10 &trim.Force>67,:)=[]; %delete bad point
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%}

%This Removes points less than the specified displacement. Let's pick
one
%distance and stick with it. This removes the slack in the system and
%accounts for the rearragnement and "hardening" discribed by Molenda
trim=trim(trim.Displacement > 0.375,:);

%%%%%%%%%%%%Unit conversions/preprocessing%%%%%%%%%%%%%%%%%%%%%%%%%%%%
area=pi()*10^2/4;%10 inch dia
Shear_stress=trim.Force/area;
Shear_stress=Shear_stress*6.89476;%PSI to kPA
Displacement_cm=trim.Displacement*2.54;%inch to cm
Friction_Force_N=trim.Force/0.224809;%Add friction force in N
trim=addvars(trim,Displacement_cm,Shear_stress,Friction_Force_N);%add
to table
Friction=trim.Shear_stress./trim.Pressure;%mu=F/N
trim=addvars(trim,Friction);
%Separate by pressure level
five_kPa=trim(trim.Pressure == 5,:);
ten_kPa=trim(trim.Pressure == 10,:);
fifteen_kPa=trim(trim.Pressure == 15,:);
%Average and std Shear stress across trimed data
avg_5=mean(five_kPa.Shear_stress);
avg_10=mean(ten_kPa.Shear_stress);
avg_15=mean(fifteen_kPa.Shear_stress);
std_5=std(five_kPa.Shear_stress);
std_10=std(ten_kPa.Shear_stress);
std_15=std(fifteen_kPa.Shear_stress);
%%%%%%%%Evalaute how measurement position impacts shear stress%%%%%%
%overall means are from above.
%Average over closer displacements
nearband_LL=3.81; %in cm, remember data was originally trimmed. Lower
limit
nearband_UL=5.08;% Upper limit
near_5=mean(five_kPa.Shear_stress(five_kPa.Displacement_cm >
nearband_LL & five_kPa.Displacement_cm <nearband_UL,:));
near_10=mean(ten_kPa.Shear_stress(ten_kPa.Displacement_cm > nearband_LL
& ten_kPa.Displacement_cm <nearband_UL,:));
near_15=mean(fifteen_kPa.Shear_stress(fifteen_kPa.Displacement_cm >
nearband_LL & fifteen_kPa.Displacement_cm <nearband_UL,:));
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farband_LL=19.05; %in cm, remember data was originally trimmed. Lower
limit
farband_UL=20.32;% Upper limit
far_5=mean(five_kPa.Shear_stress(five_kPa.Displacement_cm > farband_LL
& five_kPa.Displacement_cm <farband_UL,:));
far_10=mean(ten_kPa.Shear_stress(ten_kPa.Displacement_cm > farband_LL &
ten_kPa.Displacement_cm <farband_UL,:));
far_15=mean(fifteen_kPa.Shear_stress(fifteen_kPa.Displacement_cm >
farband_LL & fifteen_kPa.Displacement_cm <farband_UL,:));

Confineing_pressure=[5;10;15];
differences=table(Confineing_pressure);
differences.Average=[avg_5;avg_10;avg_15];
differences.Near=[near_5;near_10;near_15];
differences.Far=[far_5;far_10;far_15];
differences.Far=[far_5;far_10;far_15];
differences.Percent_near_avg=(differences.Neardifferences.Average)./differences.Average*100;
differences.Percent_far_avg=(differences.Fardifferences.Average)./differences.Average*100;
differences.Percent_near_far=(differences.Fardifferences.Near)./differences.Near*100;

%Fit linear model to find wall locus
x=[5, 10, 15];
y=[avg_5, avg_10, avg_15];
err=[std_5 std_10 std_15];
xhat=[0 x];% add zero point

mdl = fitlm(x,y);
yhat= xhat.*mdl.Coefficients.Estimate(2)+ mdl.Coefficients.Estimate(1);
%check
fit = polyfit(x,y,1);
yhat1=polyval(fit,xhat);

%Plot Yield locus line
figure('Name','Yield Locus','Units','inches','Position',[0 0 5
3.5],'InvertHardcopy','off','Color',[1 1 1]);
hold on
box on;
a=gca;
set(a,'XMinorTick','on','YMinorTick','on')
a.Title=[]; a.FontWeight='bold'; a.FontSize=9; a.FontName='arial';
a.TickLength=[0.04,0.75];
a.LineWidth=0.75;
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errorbar(x,y,err,'o')
%plot(x,y,'o',xhat,yhat,'-')
plot(xhat,yhat,'-')
xlabel('Confining Stress (kPa)'); ylabel('Shear Stress (kPa)');
xlim([0 20]); ylim([0 4]);
legend('Observed','Regression','Location','Best','Box','off')
caption = sprintf('y = %.4f * x + %.4f \n r^2= %.4f',
mdl.Coefficients.Estimate(2),
mdl.Coefficients.Estimate(1),mdl.Rsquared.Ordinary);
text(1,3.5, caption, 'FontSize', 8, 'FontWeight', 'bold');
print(['Figures/' name '_yield line'],'-dpng','-r0')
%%%%%%%%%%%%%% plot Data%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Shear Stress vs displacement
figure('Name','Shear Stress','Units','inches','Position',[0 0 5
3.5],'InvertHardcopy','off','Color',[1 1 1]);
hold on
box on;
a=gca;
set(a,'XMinorTick','on','YMinorTick','on')
a.Title=[]; a.FontWeight='bold'; a.FontSize=9; a.FontName='arial';
a.TickLength=[0.04,0.75];
a.LineWidth=0.75;

scatter(five_kPa.Displacement_cm,five_kPa.Shear_stress,'.')
scatter(ten_kPa.Displacement_cm,ten_kPa.Shear_stress,'.');
scatter(fifteen_kPa.Displacement_cm,fifteen_kPa.Shear_stress,'.')
xlabel('Shear Displacement (cm)'); ylabel('Shear Stress (kPa)');
ylim([0 4]);
legend('5 kPa','10 kPa','15 kPa','Location','Best','Box','off')
print(['Figures/' name '_Shear Stress'],'-dpng','-r0')
%Fricion Force vs Displacement
figure('Name','Friction Force','Units','inches','Position',[0 0 5
3.5],'InvertHardcopy','off','Color',[1 1 1]);
hold on
box on;
a=gca;
set(a,'XMinorTick','on','YMinorTick','on')
a.Title=[]; a.FontWeight='bold'; a.FontSize=9; a.FontName='arial';
a.TickLength=[0.04,0.75];
a.LineWidth=0.75;

scatter(five_kPa.Displacement_cm,five_kPa.Friction_Force_N,'.')
scatter(ten_kPa.Displacement_cm,ten_kPa.Friction_Force_N,'.');
scatter(fifteen_kPa.Displacement_cm,fifteen_kPa.Friction_Force_N,'.')
xlabel('Shear Displacement (cm)'); ylabel('Friction Force (N)');
legend('5 kPa','10 kPa','15 kPa','Location','Best','Box','off')
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print(['Figures/' name '_Friction_Force'],'-dpng','-r0')
%Friction Vs displacement
figure('Name','Friction','Units','inches','Position',[0 0 5
3.3],'InvertHardcopy','off','Color',[1 1 1]);
hold on
box on;
a=gca;
set(a,'XMinorTick','on','YMinorTick','on')
a.Title=[]; a.FontWeight='bold'; a.FontSize=9; a.FontName='arial';
a.TickLength=[0.04,0.75];
a.LineWidth=0.75;
scatter(five_kPa.Displacement_cm,five_kPa.Friction,'.')
scatter(ten_kPa.Displacement_cm,ten_kPa.Friction,'.');
scatter(fifteen_kPa.Displacement_cm,fifteen_kPa.Friction,'.')
xlabel('Shear Displacement (cm)'); ylabel('Coeffcient of Friction()');ylim([0 0.5])
legend('5 kPa','10 kPa','15 kPa','Location','Best','Box','off')
print(['Figures/' name '_friction'],'-dpng','-r0')
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Appendix H. Friction Tester Control Script
/* AT & RHD
* Adapted from Firgelli Automations Example script
* Controls linear actuator, and reads load cell.
* Sends data over comm where it can be read in Excel w/ Data Streamer Plug in
*/
//This version works with extend /retract
//Initialize
int RPWM = 10; //connect Arduino pin 10 to IBT-2 pin RPWM
int LPWM = 11; //connect Arduino pin 11 to IBT-2 pin LPWM
int downPin = 12;
int upPin = 13;
int POS=A0;
int Speed;
int Speed_ext;
int SensorVal;
double Distance;
double Displacement;
#include "HX711.h"
#define DOUT 3
#define CLK 2
HX711 scale;
float calibration_factor = 13140; //-7050 worked for my 440lb max scale setup
void setup() {
pinMode(RPWM, OUTPUT);
pinMode(LPWM, OUTPUT);
pinMode(downPin, INPUT_PULLUP);
pinMode(upPin, INPUT_PULLUP);
pinMode(POS, INPUT);
Serial.begin(115200); // opens serial port, sets data rate to 9600 bps
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Serial.print("Hello \r");
scale.begin(DOUT, CLK);
scale.set_scale();
scale.tare(); //Reset the scale to 0
scale.set_scale(calibration_factor); //Adjust to this calibration factor
}
/*
void loop() {
Speed = 255;
//choose any speed in the range [0,255]
analogWrite(RPWM, 0);
analogWrite(LPWM, Speed);
Serial.print("out \r");
delay(2000);
//extend at given speed for one second
analogWrite(RPWM, 0);
analogWrite(LPWM, 0);
delay(2000);
//stop for half a second
analogWrite(RPWM, Speed);
analogWrite(LPWM, 0);
Serial.print("in \r");
delay(2000);
//retract at maximum speed for one second
}
*/
void loop() {
Speed = 43.4;
Speed_ext=250;
//Speed=255;
if(digitalRead(upPin)==LOW){ //check if extension button is pressed
analogWrite(RPWM, 0);
analogWrite(LPWM, Speed_ext);
}
else if(digitalRead(downPin)==LOW){ //check if retraction button is pressed
analogWrite(RPWM, Speed);
analogWrite(LPWM, 0);
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}
else{ //if no button is pushed, remain stationary
analogWrite(RPWM, 0);
analogWrite(LPWM, 0);
}
SensorVal = analogRead(POS);
Serial.print(SensorVal);
Serial.print(",");
Distance=-0.013*SensorVal+13.3;
Serial.print(Distance);
Serial.print(",");
Displacement=11.91-Distance;
Serial.print(Displacement);
Serial.print(",");
//delay(1000);

//Serial.print("Reading: ");
Serial.print(scale.get_units(), 1);
Serial.print(",");
// Serial.print(" lbs"); //Change this to kg and re-adjust the calibration factor if you
follow SI units like a sane person
Serial.println();
}
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